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ABSTRACT 

Organic a c i d  deg rada t ion  coupled w i t h  s u l f i t e  o x i d a t i o n  has been s tud ied  under f l u e  
gas d e s u l f u r i z a t i o n  (FGD) cond i t i ons .  The r a t i o  o f  t h e  r e a c t i o n  r a t e  constants  (de- 
g rada t ion  t o  o x i d a t i o n )  was used t o  c h a r a c t e r i z e  the  degradat ion behavior  o f  organic  
ac ids.  The r a t i o  was shown t o  be independent o f  pH, d i s s o l v e d  oxygen, and d i sso l ved  
s u l f i t d b i s u l f i t e .  However, t h i s  r a t i o  was increased by c e r t a i n  t r a n s i t i o n  metal i ons  
such as Co, N i ,  and Fe, and was decreased by Mn and h a l i d e s .  Hydroxyl and su l fona ted  
c a r b o x y l i c  ac ids  degraded approx imate ly  t h r e e  t imes  slower than sa tu ra ted  d i ca rboxy l -  
i c  ac ids,  w h i l e  unsa tu ra ted  d i c a r b o x y l i c  a c i d s  degraded an order  o f  magnitude f a s t e r .  
A wide spectrum o f  d i c a r b o x y l i c  a c i d  deg rada t ion  p roduc ts  were found, i n c l u d i n g  carbon 
d i o x i d e ,  hydrocarbons, lower  molecular  weight  mono- and d i c a r b o x y l i c  ac ids ,  and o the r  
carbonyl compounds. 

INTRODUCTION 

Cur ren t l y ,  l imes tone  scrubbing i s  t h e  dominant commercial technology f o r  f l u e  gas 
d e s u l f u r i z a t i o n  (FGD) ( 1 ) .  The performance o f  l imestone scrubbing i s  chemica l l y  l i m -  
i t e d  by two pH extremes: (a)  low pH near t h e  g a d l i q u i d  i n t e r f a c e  which decreases the  
SO s o l u b i l i t y  and abso rp t i on  r a t e ;  and (b) h i g h  pH near the l i q u i d / s o l i d  i n t e r f a c e  
wh?ch decreases t h e  l imestone s o l u b i l i t y  and d i s s o l u t i o n  r a t e  ( 2 ,  3).  Organic ac ids 
t h a t  b u f f e r  between pH 3.0 and pH 5.5 enhanced SO2 removal e f f i c i e n c y  and l imestone 
u t i l i z a t i o n  a t  concen t ra t i ons  o f  5 t o  10 mM (2-10). 

Ad ip i c  a c i d  was t h e  f i r s t  b u f f e r  s u c c e s s f u l l y  and e n e r a l l y  app l i ed  t o  t h e  FGO p ro -  
cess (3,  9, 11, 12). I t  has been rep laced commerc ia l jy  by d i b a s i c  waste a c i d  (DBA), a 
waste from a d i p i c  a c i d  and cyclohexanone p roduc t i on ,  c o n t a i n i n g  p r i m a r i l y  a d i p i c ,  g l u -  
t a r i c ,  and s u c c i n i c  a c i d s .  The e f f e c t i v e n e s s  o f  DBA i s  equ iva len t  t o  a d i p i c  a c i d  ( 3 ,  
9) .  Other p o t e n t i a l  a1 t e r n a t i v e s  i nc lude  hyd roxyca rboxy l i c  ac ids and su l fona ted  ca r -  
b o x y l i c  ac ids  (IO, 13, 14). They are o f  i n t e r e s t  because o f  reduced v o l a t i l i t y  and 
p o t e n t i a l l y  lower  deg rada t ion  r a t e s .  

I n  a d d i t i o n  t o  t h e  expected l o s s  o f  organic  a c i d  a d d i t i v e  by ent ra inment  o f  s o l -  
u t i o n  i n  waste s o l i d s ,  chemical degradat ion (15) and c o p r e c i p i t a t i o n  (16) losses a re  
a l s o  observed. Chemical degradat ion,  which i s  conjugated w i t h  s u l f i t e  o x i d a t i o n  (15), 
i s  t he  most impor tan t  mechanism o f  b u f f e r  l o s s  under f o r c e d  o x i d a t i o n  c o n d i t i o n s  (3 ,  

A r a t e  express ion f o r  a d i p i c  a c i d  degradat ion under scrubber cond i t i ons  was de r i ved  
Assuming t h a t  bo th  s u l f i t e  o x i d a t i o n  (17) and o rgan ic  a c i d  degrada- 

9) 

by Rochelle (15). 
t i o n  (18) are  f r e e  r a d i c a l  r e a c t i o n s  proceeding by a common r a d i c a l ,  R* : 

d[A]/dt = kl [A] [Re ]  1) 

where, A and S ( 1 V )  s tand f o r  o rgan ic  a c i d ,  s u l f i t e / b i s u l f i t e  and t h e  s u b s c r i p t s  d and 
t denote ' d i s s o l v e d '  and ' t o t a l '  r e s p e c t i v e l y ,  then the  r a t e  of degradat ion i s  g i v e  by 

d [A l /d t  = k12([Al/[s(IV)ld)(d[s(IV)lt/dt) 3) 
where k P rev ious  works have c o r r e l a t e d  r a t e s  by the  degradat ion r a t e  c04- 
s t a n t  d;=de+ingd as k / [ S ( I V ) ]  The most probable f r e e  r a d i c a l  here i s  SO , 
because f i t s  r e a c t i v i t y  toward t l 'cohols  which a re  i n h i b i t o r s  o f  s u l f i t e  ox idat?on 
(19) a?d because i t  has been c i t e d  as t h e  a c t i v e  specied i n  the  decarboxy la-  
t i o n / o x l d a t i o n  o f  o r g a n i c  a c i d s  by p e r s u l f a t e  (S208 ) (20, 21). 

- k /k . 

108 



V a l e r i c  ac id ,  g l u t a r i c  a c i d ,  and hydrocarbons from ethane t o  butane were i d e n t i f i e d  
as degradat ion products  o f  a d i p i c  a c i d  (15, 16). Low pH, e s p e c i a l l y  i n  the presence of 
manganese reduced the  degradat ion o f  a d i p i c  a c i d  (22). It was a l s o  found t h a t  h i g h  
d i sso l ved  S( I V )  reduced the degradat ion (23). 

I t  i s  d e s i r a b l e  t o  understand the  degradat ion k i n e t i c s ,  t he  mechanism, and the  
a d d i t i o n a l  environmental impact caused by degradat ion.  T h i s  paper covers the degrada- 
t i o n  k i n e t i c s  and products .  Since deca rboxy la t i on  i s  t he  major degradat ion pathway, 
and i t  i s  deca rboxy la t i on  t h a t  s i g n i f i c a n t l y  a f f e c t s  the  b u f f e r i n g  capac i t y ,  CO evo- 
l u t i o n  r a t e  i ns tead  o f  the a c t u a l  degradat ion r a t e  i s  o f  g r e a t e r  i n t e r e s t .  FuPther- 
more, t he  r a t i o  o f  k t o  k i n s t e a d  o f  k , w i l l  be used f o r  most k i n e t i c  s tud ies ,  
s ince  h?; r a t i o  excludes ?.he e f ? e c t  o f  [S(IV)d,,. 

EXPERIMENTAL 

The r e a c t o r  used f o r  t h i s  study was a c losed  system, semibatch r e a c t o r  ( con t inous  
t o  gas b u t  batch t o  s o l u t i o n  o r  s l u r r y ) .  F igu re  1 g ives  the b l o c k  diagram o f  t he  
exper imenta l  apparatus. 

I n  a t y p i c a l  experiment, 1.0 M synthes ized CaSO s o l i d s  were s l u r r i e d  and o x i d i z e d  
i n  a s o l u t i o n  con ta in ing  10 mM o rgan ic  a c i d  and 0.3 M CaSO .2H 0 seed c r y s t a l s .  A l l  
experiments were performed a t  a cons tan t  temperature o f  55%. '$H was mainta ined con- 
s t a n t  throughout a g iven experiment. 

To ta l  S ( 1 V )  was analyzed by i odomet r i c  t i t r a t i o n  o f  t h e  s l u r r y  sample. F i l t e r e d  
samples were reheated t o  55"C, t h e  exper imenta l  temperature,  and t h e  pH was ad jus ted  
back t o  t h e  o r i g i n a l  pH (4.5 - 5.5k0.01) w i t h  sodium s u l f i t e  o r  a i r  o x i d a t i o n .  Then 
iodomet r i c  t i t r a t i o n  was a p p l i e d  t o  measure the  d i s s o l v e d  S ( 1 V ) .  CO was moni tored 
con t inuous ly  by an i n f r a r e d  CO d e t e c t o r .  Hydrocarbons, organic  ac?ids and l i q u i d  
degradat ion products  were ana ly&d by i o n  chromatograph exc lus ion  (ICE, Dionex 14), 

as chromatography (GC, Var ian 3700), and/or gas chromatograph - mass spectrometer 9 GC/MS More d e t a i l e d  prqcedures and c o n d i t i o n s  a r e  a v a i l a b l e  e l se -  
where (10). 

For b e t t e r  c o n t r o l  o f  d i s s o l v e d  S ( I V ) ,  some experiments were run  w i t h  sodium su l -  
f i t e  s o l u t i o n  i n  t h e  presence o f  10 mM organic  a c i d  and 0 .3  M sodium s u l f a t e  t o  prevent  
any dramat ic  change i n  i o n i c  s t reng th .  Only  the CO e v o l u t i o n  r a t e  was measured. The 
o x i d a t i o n  r a t e  was f i x e d  by the  sodium s u l f i t e  t i t g a t i o n  r a t e .  kd and k12 were then 
c a l c u l a t e d  accord ing t o  Equat ion 3. 

Finnigan 4023). 

RESULTS AND DISCUSSIONS 

Host o f  the experiments were performed w i t h  a d i p i c  a c i d  o r  g l u t a r i c  ac id .  I t  was 
found t h a t  these ac ids  degraded a t  p r a c t i c a l l y  i d e n t i c a l  r a t e s  and t h a t  t he  molar r a t e  
o f  C02 e v o l u t i o n  was equal t o  the  molar  r a t e  o f  deg rada t ion  a t  t he  i n i t i a l  stage. 

- The e f f e c t  o f  t he  s u l f i t e  o x i d a t i o n  r a t e  on a d i p i c  a c i d  
i n  sodium s u l f i t e  s o l u t i o n  system a t  pH 5.0, w i t h o u t  a d d i t i o n  

o f  metal ions.  When t he  o x i d a t i o n  r a t e ,  c o n t r o l l e d  by t h e  sodium s u l f i t e  feedrate,  
increased from 0.0082 t o  0.024 M/hr, [ S ( I V ) ]  changed from 0.74 t o  1.2 mM, and the ca r -  
bon d i o x i d e  e v o l u t i o n  r a t e  changed from 0.14 t o  0.20 mM/hr. Accord ing ly ,  k changed 
f rom 1.58 t o  0.82 M - ' ,  w h i l e  k Tderefore, 
t he  organic  a c i d  degradat ion fit, i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s u l f i t e  o x i d a t i o n  
r a t e .  

o n l y  changed from 1 . 1 7 ~ 1 0 - ~  t o  0 . 9 9 ~ 1 0 - ' .  

and Dissolved SI1 - It was g e n e r a l l y  observed t h a t  l i t t l e  o rgan ic  a c i d  degrada- 
t l o n  occurre However, d i sso l ved  
$1") i s  si0dni;icahnt; a f f e c t e d  bv DH i n  t h i s  svstem (Table I \ .  Therefore.  sodium 

i n  t e ca lc ium s u l f i t e  s l u r r y  system a t  low pH (22 . 
s i l f i t e  s o l u t i o n  a t  pH 5.0 was u s h  ' f o r  b e t t e r  c 6 n t r o l  o f  d i s s o l v e d  S ( I V ) .  
solved S(1V) v a r i a t i o n  caused by o x i d a t i o n  was r e f l e c t e d  by pH change : 

?he d i s -  

HS03- + 1/2 O2 = H+ + SO4= 
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Therefore,  t h e  a d d i t i o n  o f  sodium s u l f i t e  t o  m a i n t a i n  cons tan t  pH would keep d i s s o l v e d  
S(1V) cons tan t .  The same approach has been used f o r  the  s t u d i e s  o f  l imestone d i s s o l -  
u t i o n  (24) ,  s u l f i t e  o x i d a t i o n  ( 1 7 ,  25), and ca lc ium s u l f i t e  d i s s o l u t i o n  / c r y s t a l l i z a -  
t i o n  (26) .  The exper imental  data fo l lowed t h e  r a t e  express ion  n i c e l y ,  and k was 
found t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  [ S ( I V ) ]  w i t h o u t  a d d i t i o n  o f  metal i o n s  QFig- 
u r e  2 ) .  I n  o t h e r  words, a s  p r e d i c t e d ,  k wat  independent o f  [ S ( I V ) ]  which i t s e l f  
was a s t r o n g  f u n c t i o n  o f  pH i n  ca lc ium s u i ? i t e  s l u r r y .  F u r t h e r  studiesdconf i rmed t h e  
n u l l  e f f e c t  o f  pH on k ( F i g u r e  3) .  There fore ,  i t  was v e r y  c l e a r  t h a t  i n  ca lc ium su l -  
f i t e  s l u r r y ,  it wasltS(IV)] n o t  pH, t h a t  s i g n i f i c a n t l y  c o n t r o l l e d  organ ic  a c i d  
degradat ion r a t e .  d e c l i n e s ,  i n  t h e  presence o f  0 . 1  
mM Fe,  as t h e  pH increases  over 5 .0 .  a re  ob ta ined f o r  
d i f f e r e n t  c a t a l y s t  c o n d i t i o n s .  These c a t a l y s t  e f f e c t s  w i l l  be di;&ssed l a t e r  i n  t h e  
s e c t i o n  on t r a n s i t i o n  meta ls .  

F igure  3 a d o  i n d i c a t e s  t h a t  k 
A l s o  d i f f e J 2 n t  values o f  k 

- The s u l f i t e  o x i d a t i o n  r a t e  can be expressed i n  terms o f  t h e  oxygen absorp t ion  
r a t e  as : 

R 5) 
where P’ and P 
centrat?&, res(&ctively. 
n i t r o g e n .  The exper iments shown i n  F i g u r e  &%ere performed w i t h  very  low o x i d a t i o n  
r a t e .  Therefore,  t h e  s o l u t i o n  was p r a c t i c a l l y  s a t u r a t e d  t o  0 a t  t h e  p a r t i a l  pressure 
i n  the feed gas. F i g u r e  4 shows t h a t  k i s  independent oi2P02. Again, kI2 values 
were d i f f e r e n t  f o r  d i f f e r e n t  c a t a l y s t  conJ?t ions .  

a r e  vapor pressures corresponding t o  t h e  s a t u r a t i o n  and b u l k  con- 
Exper imenta l l y ,  P*  was c o n t r o l l e d  by m i x i n g  oxygen and 

- It was shown above t h a t  k i s  a s t r o n g  f u n c t i o n  o f  c a t a l y s t  env i -  
% f % ~ ~ ? o n A ! ~ h ~ l ~ h e  t r a n s i t i o n  metals, Mn a& Fe a r e  o f  g r e a t e r  i n t e r e s t  because o f  
t h e i r  presence i n  t h e  scrubbing system. Both Mn and Fe a r e  e f f e c t i v e  c a t a l y s t s  f o r  
s u l f i t e  o x i d a t i o n  (17) ,  and are  p r e d i c t e d  t h e o r e t i c a l l y  t o  c a t a l y z e  o x i d a t i o n  w i t h  0.5 
power (19, 27, 28). It was observed t h a t  o rgan ic  a c i d  degradat ion  was increased by Fe 
b u t  decreased by Mn. Probably the  degradat ion  r a t e  v a r i e d  w i t h  Fe and Mn t o  t h e  f i r s t  
and zero o r d e r ,  r e s p e c t i v e l y .  I f  t h i s  hypothes is  i s  c o r r e c t ,  k should v a r y  w i t h  Fe 
t o  the 0 . 5  power and w i t h  Mn t o  the  -0.5 power. The s o l u b i l i t y  8 f e r r o u s  s u l f a t e  was 
l i m i t e d  by pH (Tab le  1). T h i s  l i m i t a t i o n  j u s t i f i e s  t h e  d e c l i n i n g  k i n  F igure  3 .  
S l u r r y  exper iments us ing  i r o n - f r e e  synthesized ca lc ium s u l f i t e  so!?ds w i t h  known 
amounts o f  added f e r r o u s  s u l f a t e  w i t h i n  i t s  s o l u b i l i t y  showed t h a t  the  a d i p i c  a c i d  
degradat ion r a t e  cons tan t ,  k v a r i e d  w i t h  d i s s o l v e d  i r o n  t o  t h e  power o f  0.6 (F igure  
5) .  However, s l u r r y  e x p e r i k n t s  w i t h  v a r y i n g  Mn were l e s s  q u a n t i t a t i v e  b u t  demon- 
s t r a t e d  reduced kI2 a t  h i g h e r  Mn (F igure  6) .  

The f i r s t  s e r i e s  o f  t r a n s i t i o n  meta ls  except Sc and Zn were s t u d i e d  i n  sodium su l -  
f i t e  c l e a r  s o l u t i o n  system. A l l  o f  these t r a n s i t i o n  meta ls  except T i  and C r ,  caused an 
increment o f  k a b l e  2 ) .  T i tan ium d i o x i d e  migh t  have a s o l u b i l i t y  problem, and 
chromium sulfat!@2rn!iht i n t e r f , e r e  d i s s o l v e d  S ( I V )  measurement. 

T h a l l i u m  ( T l ) ,  ano ther  t r a n s i t i o n  metal 
ab le  t o  t r a n s f e r  two e l e c t r o n s ,  was s t u d i e d  i n  ca lc ium s u l f i t e  s l u r r y  because o f  the  
i n t e r f e r e n c e  wi th d i s s o l v e d  S ( I V )  measurement. With t h e  a d d i t i o n  o f  1 mM T1, k 
decreased f rom 1 .5  and 2 .5  t o  0.6 and 0.7 M-’ f o r  pH 5.0 and pH 5 .5 ,  r e s p e c t i v e l y .  Thg 
mechanism i s  s t i l l  u n c l e a r .  But  t h e r e  i s  a t r e n d  t h a t  t r a n s i t i o n  meta ls  t r a n s f e r i n g  
one e l e c t r o n  inc rease degradat ion  w h i l e  t r a n s i t i o n  m e t a l s  t r a n s f e r i n g  two e l e c t r o n s  
decrease degradat ion .  

. .  

Mn i s  capable o f  two-e lec t ron  t r a n s f e r .  

Hal ides - I t  has been r e p o r t e d  t h a t  decomposi t ion o f  c a r b o x y l a t e  s a l t s  d u r i n g  s u l f i t e  
o x i d a t i o n  i s  suppressed by t h e  presence o f  2 t o  10% by we igh t  o f  c h l o r i d e  i o n  i n  the  
aqueous absorbent (29). Table 3 l i s t s  the  r e s u l t i n g  k va lues  o f  a d i p i c  a c i d  w i t h  
d i f f e r e n t  c o n c e n t r a t i o n  o f  c h l o r i d e ,  bromide, and i d a i d e .  Manganese e f f e c t s  a re  
inc luded f o r  t h e  convenience o f  comparison. I n  c l e a r  sodium s u l f i t e  s o l u t i o n  system, 
c h l o r i d e  reduces k s i g n i f i c a n t l y  o n l y  when i t s  c o n c e n t r a t i o n  i s  as h i g h  as 100 mM. 
On t h e  o t h e r  hand ’$he i o d i d e  e f f e c t  i s  so s t r o n g  t h a t  even i n  the  presence o f  0 .1 mM 
Fe ,  0 . 1  mM i o d i d k  reduces k12 t o  O.lxlO-’. The cor respond ing  va lue  f o r  Mn i n  the  
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absence o f  Fe i s  approx imate ly  0 . 7 x 1 0 - ’ .  Bromide behaves moderate ly .  I t s  e f f e c t  i s  
I between c h l o r i d e  and i o d i d e .  

- The p o t e n t i a l  b u f f e r  a d d i t i v e s  covered here can be grouped i n t o  d i c a r -  

b o x y l i c  ( s u l f o s u c c i n i c ) ,  and unsaturated c a r b o x y l i c  (male ic)  ac-ids. Su l fosucc in i c  
a c i d  i s  n o t  commercial ly a v a i l a b l e ,  b u t  can be e a s i l y  synthes ized by r e a c t i o n  of 
maleic a c i d  w i t h  sodium s u l f i t e  (10, 30) 

k i s  found t o  be a s t rong  f u n c t i o n  o f  f u n c t i o n a l  group (Table 4) .  Unsaturated 
male?? a c i d  degrades about seven t imes f a s t e r  than d i c a r b o x y l i c  ac ids ,  probably  due t o  
the presence o f  conjugated double bonds. I n  reducing the  degradat ion o f  male ic  ac id ,  
Mn i s  no t  as e f f e c t i v e  as i n  the  case o f  d i c a r b o x y l i c  ac ids .  Fe i s  i n e r t  t o  male ic  
a c i d  degradat ion.  On t h e  o t h e r  hand, 4-hydroxybutyr ic  a c i d  degrades about t h r e e  t imes 
slower than d i c a r b o x y l i c  a c i d s  probably  due t o  the  fo rma t ion  o f  an i n t ramo lecu la r  
hydrogen bond. S u l f o s u c c i n i c  a c i d  behaves more o r  l e s s  i n  the  same way  as 4-hydroxy- 
b u t y r i c  a c i d  except t h a t  Fe has no s i g n i f i c a n t  e f f e c t  on the  degradat ion o f  su l fosuc-  
c i n i c  ac id .  

I - OXY i c  a i p i c ,  g l u t a r i c ) ,  hyd roxyca rboxy l i c  (4-hydroxycarboxy l ic ) ,  su l fona ted  car- 

aradat ion Product - The degrada t ion  products  o f  a d i p i c  a c i d  a re  w i d e l y  d i s t r i b u t e d .  
ey can be c l a s s i f f e d  as d i c a r b o x y l i c  ac ids,  monocarboxyl ic ac ids ,  hydroxy-carboxyl- 

i c  ac ids,  keto-ac ids,  f u rans ,  hydrocarbons, and carbon d i o x i d e  (Table 5 ) .  The degra- 
d a t i o n  product  d i s t r i b u t i o n  i s  a l s o  a s t rong f u n c t i o n  o f  c a t a l y s t  environment. I n  t h e  
presence o f  1 mM Mn, g l u t a r i c  and v a l e r i c  ac ids  are t h e  major products  except f o r  car-  
bon d iox ide  which i s  t he  p r imary  degradat ion product  f o r  a l l  cases. I n  the absence o f  
Mn, 4 - fo rmy lbu ty r i c  a c i d  i s  t he  major  l i q u i d  phase p roduc t .  Although oxygen would be 
requ i red  t o  generate a sma l le r  d i c a r b o x y l i c  a c i d ,  the d i sso l ved  oxygen i n  the presence 
o f  1 mM Mn should be p r a c t i c a l l y  zero because o f  the mass t r a n s f e r - c o n t r o l l e d  s u l f i t e  
ox ida t i on .  Probably, Mn i s  an e f f e c t i v e  c a r r i e r  o f  oxygen t o  the  degradat ion prod- 
u c t (  s). 

3 

DISCUSSIONS 

The proposed r a t e  express ion f o r  organic  a c i d  degradat ion i s  very  use fu l  f o r  com- 
pa r ing  the  degradat ion behavior  o f  d i f f e r e n t  organic  ac ids .  The degradat ion o f  organ- 
i c  a c i d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  i t s  concen t ra t i on ,  t o  the  s u l f i t e  o x i d a t i o n  r a t e  
and i n v e r s e l y  t o  t h e  concen t ra t i on  o f  d i s s o l v e d  s u l f i t e / b i s u l f i t e .  However, t he  r a t e  
expression needs m o d i f i c a t i o n  under d i f f e r e n t  c a t a l y s t  environment. I n  genera l ,  s u l -  
fonated o rgan ic  ac ids  and hyd roxyca rboxy l i c  ac ids  degrade much slower than a d i p i c  o r  
g l u t a r i c  ac ids,  w h i l e  unsaturated c a r b o x y l i c  ac ids,  e s p e c i a l l y  w i t h  conjugated dou- 
b l e d  bonds degrade much f a s e r .  

I n  summary, the degrada t ion  r a t e  constant  r a t i o ,  k i s  independent o f  d i s s o l v e d  
s u l f i t e / b i s u l f i t e ,  d i s s o l v e d  oxygen o r  pH. HoweveJ?’ i t  i s  reduced by t r a n s i t i o n  
meta ls  w i t h  two-e lec t ron  t r a n s f e r e d  c a p a b i l i t y ,  such as Mn and T1. I t  i s  a l s o  i n h i b -  
i t e d  by h a l i d e s .  Mn i s  ve ry  e f f e c t i v e  i n  reducing k I o d i d e  i s  even more e f f i c i e n t  
i n  i n h i b i t i n g  degradat ion.  On t h e  o t h e r  hand, k -?;enhanced by one e lec t ron - t rans -  
f e r e d  t r a n s i t i o n  meta ls ,  e s p e c i a l l y  by Fe. I t  k i o u l d  be emphasized t h a t  pH a f f e c t s  
the  s o l u b i l i t y  o f  i r o n  and ca l c ium s u l f i t e ,  which b o t h  a f f e c t  t he  degradat ion.  Howev- 
e r ,  the e f f e c t s  o f  i r o n  s o l u b i l i t y  and d i s s o l v e d  S ( I V )  are oppos i te  on o rgan ic  a c i d  
degradation. Therefore,  low pH w i l l  n o t  necessa r i l y  reduce organic  a c i d  degradat ion,  
even i n  t h e  ca lc ium s u l f i t e  s l u r r y  system. 

The degradat ion p roduc t  p a t t e r n  o f  a d i p i c  a c i d  i s  a s t rong  f u n c t i o n  o f  c a t a l y s t  
environment. Manganese g i v e s  g l u t a r i c  and v a l e r i c  ac ids  as the  major  l i q u i d  phase 
products ,  w h i l e  4 - f o r m y l b u t y r i c  a c i d  i s  the major  corresponding product  i n  the  absence 
of manganese. I n  addi -  
t i o n  o the r  mono- and d i c a r b o x y l i c  ac ids,  hydrocarbons, hyd roxyca roxy l i c  ac ids  and 
othe; carbonyl compounds such as 4-oxopentanoic a c i d  are observed as degradat ion pro-  
duc ts  of  a d i p i c  a c i d .  

Carbon d i o x i d e  i s  t he  major degradat ion product  i n  a l l  cases. 
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Table 1 The E f f e c t s  o f  pH and S u l f i t e  O x i d a t i o n  Rate on the  S o l u b i l i t y  
o f  MnS04, FeS04, and CaS04*1/2H20 

PH Fea(mM) Mnb(mM) [ s( I V  )I d(mM) 

Rox=O Rox=O. 5 - Rox=O Rox=O. 5 - RoxC=O Rox=O. 5 - -  
4 . 0  0.15 0.13 
4.5 0.12 0.12 
5.0 0.02 0.02 

0.43 0.43 
0.45 0.46 
0 .46  0 .46  

34.2 27.0 
24.8 14.5 
9.3 5.9 . .  

5.5 so.01 so.01 0.47 0.46 3.9 1.3 

a 0 . 1  mM was added 
b 0 . 5  mM was added 
c Rox = s u l f i t e  o x i d a t i o n  r a t e  (M/hr) 

Table 2 

Conc (mM) 

E f f e c t s  o f  T r a n s i t i o n  Meta ls  on k12 i n  Sodium S u l f i t e  S o l u t i o n  
by C02 E v o l u t i o n  from 10 mM A d i p i c  A c i d  a t  pH 5.0, 55OC 

Deqradat ion t o  Ox ida t ion  Constant R a t i o ,  k,,xlO’ 

0 
0.03 
0 . 1  
0.3 
1 . 0  
3 . 0  
10.0 

o x i d a t i o n  
s t a t e  

Cr cu - v - T i  Ni  

0.89 0.87 0.86 1.10 0.99 
0.89 

1.18 0.93 1.23 1.03 
1.00 0.90 1.43 1.02 

2.48 1.31 0.86 1.46 1.02 
1.33 0.84 1.54 

- co 

0.84 
0.76 

0.99 
1.60 
3.30 - 
2,3 2,3 1 9 2  334 2,3,4,5 2,3,6 

- 
0.81 

0.82 

- - - - 
- 

- 

T a b l e  3 E f f e c t s  o f  H a l i d e  on k12 i n  Sodium S u l f i t e  S o l u t i o n  

Degradat ion t o  O x i d a t i o n  Constant Rat io ,  k,,xlO’ 

by COz E v o l u t i o n  from 10 mM A d i p i c  Ac id  a t  pH 5 .0 ,  55’C 

~ ~ 

MnS04 - Conc.(mM) KC 1 KBr* K I *  - - - 
0 
0.1 
0 .3  
1 
10 
30 
100 
300 

0.8 
0 .6  
0.3 

2.7 
2 .3  
2.0 
1.5 
0.2 

3 .1  
0 . 1  

1 .o 
0.7 
0.3 
0.3 

* w i t h  1.0 mM Fe 
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I 

1 

i 

Table 4 Comparison o f  Organic Ac ids  as B u f f e r  A d d i t i v e s  i n  Terms o f  kl2 
a t  pH 5.0, 55'C, i n  Sodium S u l f i t e  .So lu t ion  by C02 E v o l u t i o n  

Organic A c i d  Degradat ion t o  Ox ida t ion  Rate Constant Rat io ,  k12x10' 

w i t h  1 mM Mn No C a t a l y s t  K i t h  0.1 mM Fg 

A d i p i c  0.3 
G l u t a r i c  0.3 
4-Hydroxybutyr ic 0 .1  
Sul fosucc i  n i c  0 . 1  
Male ic  3.6 

1.0 
1.0 --- 
0.3 
6.7 

3.0 
3.0 
1 . 4  
0.3 
7.0 

Table 5 Degradat ion Products from 80% Degradat ion o f  10 mM A d i g i c  A c i d  
i n  Calcium S u l f i t e  S l u r r y  w i th  0.1 mM Mn a t  pH 5.0,  5.5 C 
i n  Terms of t h e  Percentage o f  t h e  I n i t i a l  Concent ra t lon  (mM C )  

D i c a r b o x y l i c  Monocarboxyl ic Hydroxycarboxy l i c  Hydrocarbons Others  

C6 Adi i c  
(20: 

C5 G l u t a r i c  V a l e r i c  
(1.5) (0 .7)  

Tetrahydro2,Sfuran 
D i c a r b o x y l i c ( * )  

5-Hydroxyval e r i c  
(2.5) 

C4 Succ in ic  B u t y r i c  4-Hydroxybutyr ic Butane 3-Formyl p r o p i o n i c  
("1 
Furane 
(0.6) 

(0.1) (0 .4 )  (2 .5 )  (1.0) 

-- C3 Malonic 
( 2 . 3 )  

-- c2 

c 1  Formic 
(2.0) 

i 

* l e s s  than 0.1% 

I 
h 

Propane 

Ethane 

Methane Formaldehyde 

(*I  

("1 

(*I (*I 
COz(49) 
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Ice Bath 1 ;as  Bomb 

Condenser 

Sampling Port 

Figure 1 The Apparatus f o r  Ox idat ive  Degradat ion o f  Organic Acids - - 

F i g u r e  2 The E f f e c t s  o f  Dissolved S u l f i t e / B i s u l f i t e  on kd i n  
Sodium S u l f i t e  So lu t ion  a t  pH 5 . 0 ,  55'C, by C02 Evo lu t ion  

114 



C 

(3 s 
X 

Y 
r! 

0. 

0. 

I I I I 
A 0.1 mM Fe 

- 

L 5.0 5.5 6.0 
PH 

L.5 
Figure  3 The E f f e c t  o f  pH on k,, i n  Sodium S u l f i t e  S o l u t i o n  

5 
4 
3 

p" 
Y 

0.5 

0.2 

a t  pH 5.0, 55'C by CO;-Evolution 

I I I I I I I I 

0 0 - c 

0 W o c  

I I I I I I I I 
0.2 0.4 0.6 0.8 ( 

P (atm) 4 
Figure  4 The E f f e c t  o f  Oxygen Vapor Pressor on kI2 i n  Sodium 

S u l f i t e  So lu t ion  a t  pH 5.0, 55OC by C02 Evolu t ion  
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I 

8 0.5 

e 
a (  

z= 
0 
73 

g 0.2 T 
01 0.002 0.005 0.01 0.02 

FeSO, (mM) 
F i g u r e  5 The E f f e c t  o f  I r o n  on k,, i n  Calc ium S u l f i t e  S l u r r y  

1.0: 
c) 

0 
0.5 

5 
0.3 
0.2 

- 
a t  pH 5.0, 55°C by C02 E v o l u t i o n  

I I I I I I I 
01 0.02 0.05 0.1 0.2 0.5 I 

MnSO, (mM) 

F i g u r e  6 The E f f e c t  o f  Manganese on kI2 i n  Calc ium S u l f i t e  S l u r r y  
a t  pH 5.0, 55°C by C02 E v o l u t i o n  

I 
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